Taxonomy of Corynebacterium diphtheriae and related taxa, with recognition of Corynebacterium ulcerans sp. nov. nom. rev.
Introduction
Corynebacterium diphtheriae is the most wellknown species of the genus Corynebacterium since toxin-producing strains are the agent of diphtheria [l] . Related diseases, mainly for animals but also for humans, can also be caused by the species 'Corynebacterium ulcerans ' and Corynebacterium pseudotuberculosis since some of the strains can produce diphtheric toxin [2] . A toxic diphtheria caused by
131.
Classification of these species was originally based on morphological and biochemical characteristics. Biotypes of C. diphtheriae named gravis, intermedius or mitis were described as variants exhibiting distinct sugar fermentation patterns and cultural morphology. Strains of C. pseudotuberculosis isolated from horses (biovar equi) were also distinguished from strains isolated from sheep or cows (biovar ovis) on the basis of nitrate reductase production [4] . 'C. ulcerans', first described by Gilbert and Stewart in 1926 [5] , was not included in the approved lists of bacterial names [4,6] despite the fact that it can be distinguished from C. pseudotuberculosis and C. diphtheriae by production of acid from glycogen and presence of urease [l] . The purpose of this study was to assess the taxonomic status of all these related taxa on the basis of DNA relatedness experiments and small-subunit rDNA sequencing. Accordingly, we propose to conclusively recognize 'C. ulcerans' as a distinct species within the genus Corynebacterium and give a description of this revival species.
Materials and methods

Bacterial strains
Bacterial strains used in this study were obtained from the Collection of the Institut Pasteur, France (CIP), the Laboratoire des Identifications bacteriennes, Institut Pasteur (LIB), the Culture Collection of University of Gdteborg, Sweden (CCUG), the Collection of the Ecole Nationale Veterinaire de Lyon, France (ENVL) and the Institute of Applied Microbiology, Japan (IAM).
Culture conditions and biochemical tests
Bacteria were isolated at 37°C under aerobic conditions on 5% sheep blood agar (Trypticase soy agar, bioMCrieux, Marcy-I'Etoile, France). Urease production was tested in Christensen's medium and nitrate reductase production was tested using a brain heart broth supplemented with 2 g KaNO, per liter. Acid production from sugars was detected by using a heart broth (pH 7.8) containing 1% sugar and 0.1% Tween 80 and with phenol red as an indicator. Other biochemical tests were performed following classical procedures [ 11. The API Coryne system (bioMtrieux) was used according to the manufacturer's instructions except for the time of incubation of the fermentative tests which was fixed at 48 h.
Cell wall analysis
Amino acid and sugar determinations were carried out by thin-layer chromatography following the procedure of Staneck and Roberts [7] . A reverse-phase high-performance liquid chromatography (HPLC) method was applied for the determination of mycolic acids [8].
DNA-DNA hybridization
DNAs from representative strains of C. diphtheriae, C. pseudotuberculosis and 'C. ulcerans' were labeled by nick translation with 3H dCTP (Amersham International, Amersham, UK) using a commercial kit (Gibco, Bethesda Research Laboratory, USA). Hybridization experiments were carried out at 60°C for 16 h in 0.42 M NaCl by the Sl nuclease-trichloroacetic acid method [9, 10] . The difference in thermal denaturation midpoint ( ATm) is the difference between the Tm of a homoduplex (in a homologous reaction) and the Tm of heteroduplexes (in heterologous reactions).
Small subunit rDNA gene sequencing
100 ng of DNA were used in a polymerase chain reaction (PCR) to amplify the small-subunit rDNA genes. A pair of primers, corresponding to positions 8-28 and 1491-1508 of Escherichia coli small-subunit rDNA sequence was used. The procedures for amplification and direct sequencing of PCR products were as described previoudy [ll].
Phylogenetic methods
The phylogenetic data described below were obtained (i) by using successive alignment and phylogeny procedures, and (ii) by re-investigating deep branching patterns after close relationships were determined [II] . A neighbor-joining method [12] was used for a preliminary analysis; resulting topologies were further investigated using maximum likelihood and maximum parsimony. Maximum likelihood analyses used the 'fdnaml' program rewritten by G.J. Olsen (University of Illinois, Urbana, IL) and compiled on a Hewlett-Packard model 700 workstation, while maximum parsimony analyses were performed using the 'PAUP' program for the Macintosh [13] . The robustness of each topology was evaluated under maximum parsimony through 100 bootstrap replications (heuristic search). Trees were plotted using the njplot program for the Macintosh developed by M. Gouy (I-IRA 243 CNRS, Universitt Claude Bernard, Lyon, France), that allows the transformation of a formal tree representation (Newick's format) into 'MacDraw' drawings, Only topologies that were found similar by all three methods were retained as 'true trees'. Recent theoretical works have demonstrated that convergence of the results of all three methods is correct phylogeny has a strong indication that the strains. Biovars ovis and equi of C. pseudotubercubeen determined [14] . losis were also related at the species level (70% or greater DNA relatedness with ATm range of from 0.5-1°C). All of the strains identified as 'C. ulcer-3. Results and discussion As shown in Table 1 , DNA relatedness values clearly show that each of the three species constitutes a distinct genomospecies. The type strain of C. diphtheriue exhibited more than 90% DNA similarity with all of the strains referred to as biotype mitis, gravis or intermedius, and ATm of 0.5 and l.O"C with a representative strain of biotype gravis and intermedius, respectively. These results indicate a high degree of taxonomic relationship between these am exhibited DNA binding ratios greater than 74% with the representative strain of this species whereas less than 49% similarity was obtained with C. pseudotuberculosis reference strains, thus confirming that they are distinct species despite a close taxonomic relationship. This is in agreement with previous data of Groman et al. [HI. Phylogenetic analyses of small-subunit rDNA sequences restricted to the well identified 'CMN' group [16] of high G + C Gram-positive bacteria confirmed that representative strains of 'C. ufcerans' and C. pseudotuberculosis belong to a monophyletic unit grouping all avaiIable sequences of Corynebucterium species and are closely related to each other ( Fig. 1) . These data were supported by the three phylogenetic methods used and by bootstrap analysis with a confidence level of 100%. This result is in agreement with the high homology measured between the genomic DNAs of these two strains. method (P < 0.01) . The values (expressed as percentages) above the lines (only values greater than 50% are shown) show branches also found by maximum parsimony and indicate how these branches are supported by a bootstrap analysis (heuristic search). Scale bar = accumulated changes per nucleotide. Domains used for these analyses correspond to positions: 94-145, 182-403, 436-555, 564-780, 795-943, 984-1076 94-145, 182-403, 436-555, 564-780, 795-943, 984- , llOt-1200 94-145, 182-403, 436-555, 564-780, 795-943, 984- , 1208 94-145, 182-403, 436-555, 564-780, 795-943, 984- -1228 94-145, 182-403, 436-555, 564-780, 795-943, 984- , 1232 94-145, 182-403, 436-555, 564-780, 795-943, 984- -1300 in the sequence of 'C. ulcerans' available under accession number X 81911. Strabts sequenced during this study are underlined. Downloaded from https://academic.oup.com/femsle/article-abstract/126/3/271/496820 by guest on 24 December 2018 problem of high similarities between small-subunit rDNA sequences (Table 2) and level of DNA-DNA homology less than 70% has been discussed previously [17] .
C. diphtheriae, C. pseudotuberculosis and 'C. ulcerans' are characterized by low G + C content of DNA (53-55 mol%) within the genus Corynebacterium (53-66 mol%) [17] . We did not find any significant DNA relatedness between the representative strain of 'C. ulcerans' and type strains of C. glutamicum (IAM 12435T), C. pseudodiphtheriticum (CIP 103420T) and C. propinquum (CIP 103792T), whose G + C contents are also relatively low.
The salient characteristics of this species, based on previous data [1, 2, 4, 5, 18] and our observations, are as follows: Bacteria are nonmotile pleomorphic rods, arranged in palisades or V-shaped forms. They are Gram-positive, non-spore forming and contain metachromatic granules. They are non-acid fast, and no rod-coccus cycle is present. They are catalasepositive and oxidase-negative. They are facultatively anaerobic. Colonies (1 to 2 mm in diameter) on 5% sheep blood agar are grey-white and exhibit a light hemolysis, a dry aspect and a waxy consistency. They are circular, slightly convex with an entire margin.
In conclusion, this study assessed the taxonomical Nitrate is not reduced to nitrite. Acid is produced status of these three related species which had been from n-glucose, glycogen, maltose, fructose and risuggested from previous data concerning mycolic bose but not from lactose, sucrose, n-xylose, and acids and fatty acids composition [8, 19] . Within trehalose. Some strains produce acid from mannitol. species C. diphtheriae and C. pseudotuberculosis, Starch, DNA and urea are degraded but not tyrosine. the biotypes or biovars are genomically similar and Gelatin is hydrolyzed at 25°C and at 37°C for some cannot be described as separate species or substrains. Esculin is not hydrolyzed. The methyl red species. In addition, according to these results, 'C.
test is positive and acetoin is not produced. Growth ulcerans' should be recognized as a distinct species is visible in 6.5% NaCl for some strains. Hippurate within the genus Corynebacterium. This species dis-is hydrolyzed. Alcaline phosphatase and alpha-glucoplays features characteristic of the genus Corynebac-sidase are produced but not pyrazinamidase, pyrroliterium (short mycolic acids, meso-diaminopimelic donylarylamidase, &$tcuronidase, P-galactosidase, acid, arabinose and galactose in the cell wall) and
and N-acetyl-P-glucosaminidase. The cell wall contains meso-diaminopimelic acid, 
(3) (4) (5) (6) Sequences are available from EMBL under the accession numbers indicated. Strains sequenced during this study are underlined. Percentages were calculated as similarities by using parts of small-subunit rDNA sequences of Corynebacferium strains which could be aligned without any ambiguity. They corresponded to positions: 1 to 47, 55 to 417, 423 to 1333 in the sequence of 'C. ulcerans' available under accession number X 81911.
arabinose and galactose and mycolic acids of short chain lengths (C,, to C36). C. ulceruns strains can be isolated from animal and human infections. The type strain is strain CCUG 2708 = National Collection of Types Cultures NCTC 7910. It was isolated from a human throat. This strain has all of the above properties. Mannitol is utilized but not gluconate and acid is produced from mannitol. Growth in 6.5% NaCl is visible. The mol% G + C content of DNA is 53.
